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Preface

This study is concerned with a comparison between two

methods of measuring transient and oscillaitory pressures

in aircraft 'hydraulic, systems. one method utilizes a

standard fluid line transducer (in-line),* while the other

method uses a transducer clamped to the outside of the line

.1 (clamp-on).

My initial intention was to investigate dynamic prop-

erties of new hydraulic fluids. I was basically interested

in oscillatory pressures and flows. This investigation

* made use of the two measuring methods mentioned above.

* After preliminary work was done, using a frequency response

computer program named HSFR, it was realized that the diff-

erences between the various fluid's propefties as predicted

by the program were relatively small. Previous work showed

that there are differences between simultaneous pressure

measurements obtained by the two transducers, in the same

order of magnitude as the differences in the pressures of

the various fluids, as predicted by HSFR. In this case, I

had to determine which measuring method is more accurate in

* order to use it in such an investigation. This by itself

implied a new study.

During the investigation some interesting points were

raised concerning the frequency response program, and they

will be discussed in this study.

I wish to express my sincere appreciation to Professor
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M.E. Franke, my thesis adivsor, who shared in this research

by offering valuable comments and advice. I would also

like to thank Mr. K.E. Binnes and Mr. P.D. Lindquist.

Their expertise in computer programming and hydraulic sys-

tem operation and response were invaluable in my study.

I wish to express my sincerest thanks to Mr. H. Lee of

the Power Division of Air Force Propulsion Laboratory. His

knowledge of hardware and design requirements, and his pa-

tience were of great help in my work.

Finally, I wish to thank my wife, Chava, for patience

and encouragement. Without her help this study could not

have been possible.
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Abstract

This study is concerned with two basic techniques for

measuring oscillatory and transient hydraulic pressures:

use of a standard fluid line transducer (in-line) and a

transducer clamped to the outside of the line (clamp-on).

Both transducers were installed in a laboratory hy-

draulic system side by side. Several sets of runs were

made under various conditions. Measurements taken indi-

cated deviations between the two transducers as high as

+ 20%. The clamp-on transducer was affected by the line

vibrations and should be used in a hydraulic system with

some limitations.

The experimental measurements were compared with the

theoretical results from a frequency response computer pro-

gram. The measured Oscillatory pressures were up to 30%

greater than those predicted by the computer program.
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I. Introduction

Background

Many hydraulic systems used in present day engineering

applications involve lines or pipes of considerable length.

Pumps which transmit fluid through hydraulic lines under

high pressure, import periodic pulses to the fluid which

can induce undesirable vibrations, and create serious prob-

lems in aircraft or ground systems. These pulses in the

fluid cause internal forcing functions which vibrate the

line and transmi-t loads into supporting structure.

Many theoretical and experimental investigations have

been conducted in order to predict the performance of sys-

tems when they are subjected to disturbances in fluid

pressure and flow. A significant contribution was made by

McDonnell Douglas Corporation by developing and verifying

four computer programs used to simulate hydraulic systems

under dynamic conditions. One of these computer programs

that was of interest in this study was the Hydraulic

Systems Frequency Response (HsFR).

H-SFR program predicts how oscillatory flows and press-

ures cai.sed by the acoustical energy content of a pump out-

put are transmitted through the lines and components of

hydraulic systems. The program predicts the pump speeds

at which major resonances occur, and defines the amplitude

and location of the oscillatory pressure, flow and the

standing waves patterns (Ref 1 and 2).



The experiments in the hydraulic systems require press-

ure measurements of oscillatory and transient pressures.

This study considered two basic techniques for measuring

these pressures. One technique utilized a standard fluid

line transducer (in-line), while the second technique used

a transducer clamped to the outside of the line (clamp-on).

The pump was the source of oscillatory pressures. These

pulsations were measured by the in-line and clamp-on trans-

ducers.

The in-line transducer method requires installing the

transducer in the system with standard or special hydraulic

fittings. This pressure transducer is usuall-y flush mounted

with the pipe inner surface. The pressure fluctuation acts

directly on the transducer. The output of the transducer

is voltage proportional to the pressure. Sometimes the

configuration of the systems causes difficulties in select-

ing the locations of the fittings for the in-line trans-

ducers. That led to interest in using a clamp transducer

that is clamped to the outside of the line. This transdu-

cer responds to the pressure induced radial expansion of

the line. The sensitivity is dependent on the line diame-

ter, wall thickness, material, clamping force and preload

of the transducer. Using this method, it is possible to

move the transducer to different places without disturbing

the system or losing any fluid.

2



Obiective

The purpose of this study was to compare the response

in-line transducer and the clamp-on transducer, to find if

there are limitations in using one of these methods and to

compare between the transducer pressure measurements and

the predicted values from HSFR.*

*Scope

In order to make the comparison, both pressure trans-

ducers were installed in a laboratory hydraulic system

which consisted of a long line with a hydraulic pump at

one end of the line and a pressure relief surge valve at

the other end. The system was designed with possibilities

for clamping and unclamping the line in order to investi-

gate the influence of the vibrations on the accuracy of

the measurements. Several sets of runs were made for diff-

- erent conditons. The experimental measurements were also

compared with HSFR output plots of the peak pressure.

3
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II. Experimental apparatus

* Figure 1 shows a schematic diagram of the laboratory

hydraulic system experimental set-up.

Test Line

The line used in the experiments was a 0.625 in. out-

side diameter stainless steel tube with a 0.065 in. wall

thickness. Its length was 334.5 in. from the Pump outlet

to the load va~lve. This tube was supported by clamping to

an "I" beam at 10 to 20 in. intervals by thick aluminum

clamps.

Special 'hydraulic fittings were inserted in three

places along the line to permit installation of the in-line

transducers. The locations were 44.4, 168.7. 313.5 in.

from the pump as shown in Fig 1.

The line was connected to the pump in two different

ways:

a. With a hose 0.75 in. I.D. and 50 in. length.

See Appendix A for the bulk modulus.

b. With a tube with the same dimensions as the line,

and 41 in. length.

The Pump

The pump was a constant pressure variable displacement,

manufactured by ABEX and known as an F-4 pump. It was driv-

en by a variable driven unit of '15 H-P over a speed range

of 1200 to 5500 rpm.

4
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In-Line Transducers

The in-line transducer was Stathan thin film strain

gauge transducer with a range of 0 to 5000 psia arnd natural

frequency of 70000 Hz in air. The best that it could be

calibrated to was + 20 psi.

With a strain gauge pressure transducer, a pressure

change is converted into a change in resistance caused by

the strain in a strain gauge. The output from the trans-

ducer is voltage that can be measured after amplification

by a voltage measuring instrument.

Clamp-On Transducer

The clamp-on transducer that was used in the system

to measure the oscillatory pressures, was a Kistler Type

205 H2 piezoelectric transducer. It had a maximum pressure

dynamic range of 10000 psi and a sensitivity of about 0.5

volts per 1000 psi. When a piezoelectric element is stress-

ed mechanically, its dimensions change and it generates an

electric charge. If the electrodes are not short circuited.

a voltage associated with the charge appears. The voltage

is measured by a voltage measuring instrument.

Piezoelectricity is defined as an electrical polari-

zation produced by mechanical strain in crystals. The pol-

arization being proportioned to the strain and changing

sign with it.

Two different clamps were used for the clamp-on trans-

ducer as shown in Appendix D: the original. one with a

6



circular hole, Fig D-la and a modified one with a square

hole, Fig D-lb.

Spectrum Analyzer

The spectrum analyzer that was used in the experiments

was a Nicolet Scientific Corporation Model 444, a Fast

Fourier Transform (FFT) computing analyzer. The advantage

, of using a spectrum analyzer is that this is an instrument

which decomposes a signal into the frequency components.

Many complex signals are difficult to understand as time

functions, however, their spectre - the display of energy

versus frequency - are relatively easy to understand.

In these experiments, the spectrum analyzer measured

the frequency spectrum of the fluctuating pressure. Aver-

aging of 32 such spectra was done in 6.4 seconds in order

to approach the average values.

7



III. Experimental Procedures

Calibration Procedures

The in-line pressure transducers were calibrated

statically prior to the test runs with a dead weight tester

in a separate set-up.

4 The clamp-on pressure transducer calibration was

accomplished before each run, because its sensitivity de-.2

pends on the pipe wall thickness, pipe diameter, material

and clamping force, all of which vary along a length of

pipe due to the tolerances.

The initial installation of the sensing element trans-

ducer in the clamp requires special care. The sensing

element is interchangeable among different clamps for

different tube diameters. To allow for dimensional changes,

shims are used under the sensing element boss to adjust the

amount of preload between the element and the line. In

use, the sensing element was preloaded against the pipe

to give an output approximately 2.2 volts when both the

clamp and the element were fully torqued down (2-4 ft lbs).

(Ref 12) is a manual for using the clamp-on transducer.

The line was heated to the average test temperature

(105*F) prior to the calibration by operating the pump for

several minutes.

The system was pressurized constantly with 25 psig in

the return line. The voltage corresponded to the steady

state pressure (approximately 2950 psig).

8



The clamp-on transducer was calibrated by dividing the

difference in the voltages to the difference in the press-

ures that were corresponded to those voltages.

Calibation V(2950 psig) - V(25 psig)()
2950 psig - 25 psig

*1 In the DC mode, the transducer has a time constant of

1500 seconds, so when the start up and steady state voltage

outputs are taken, it is essential that it be done quickly,

otherwise the voltage output will decay and reduce the

accuracy of the calibration.

The calibration procedure was repeated at the end of

the test and the average values for the calibration were

used in the calculations. Figure 2 shows a typical cali-

bration curve obtained by plotting the DC output versus

the output of a Kistler pressure transducer. The pressure

was varied with a hydraulic hand pump.

Test Procedures

The hydraulic system was operated initially with the

pump speed set at 4500 rpm and the fluid flow adjusted to

the desired mean value. The system was allowed to run uin-

disturbed while a steady fluid temperature was reached.

The output voltages of the in-line and clamp-on transducers

were measured with the spectrum analyzer. Additional meas-

urements were made by decreasing the pump speed by S0 or

100 rpm in order to change the input frequency, and re-

peatinq transducers voltage measurements. Data were

9
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obtained from pump speeds from 1500 rpm to 4500 rpm. Since

the flow decreases with decreasing pump speed, a flow

correction was needed to maintain constant flow rate. This

was accomplished by changing the load valve down stream in

the line.

Before turning off the pump, the clamp-on transducer

* .was calibrated again.

Test Runs and Line Configiurations

Several sets of runs were made in order to compare

the measurements obtained with the in-line and clamp-on

transducers and the transducer measurements and the computer

predictions from HSFR.

The basic line configuration, shown in Fig 1, included

* two variations:

a. A hose connected between the pump and the line.

b. A tube instead of the hose. (The tube had the

same dimensions as the main line).

With the hose, measurements were taken at the point 44 -*n.

from the pump. With the tube, measurements were taken at

two points (44 in. and 169 in. from the pump). Runs were

made under two conditions: with a loose line, and with

the line clamped on each side of the tra:nsduccrs.

Additional runs were made when the line was clamped

every 10 to 20 in. Also, runs were made when the span be-

tween the clamps at the mid-point of the line was varied

from 10 in. to 110 in. and the remainder of the line was



clamped every 10 to 20 in. In these tests, the in-line

and clamp-on transducers were installed side by side at

the middle of the span (169 in. position).

Several runs were made in order to compare the meas-

urements of two clamp-on transducers mounted in the original

clamps and to compare the measurements of two clamp-on

transducers in which one of them was mounted in the original

I clamp while the second was mounted in the modified clamp.

12



IV. Results and Discussion

Many runs were made in order to compare between the

in-line and clamp-on transducers.

The frequency range investigated was from 1500 rpm to

4500 rpm (225 Hz to 675 Hz). The fluid flow rate was 1 gpm.

This flow rate was selected because the neat exchanger was

not able to maintain a constant temperature at a higher

flow. Even at that flow, the temperature varied slightly

(10*F to 15"F) during the runs.

A set of runs was made with a hose that was connected

between the pump and the line. The hose reduced the mech-

anical vibrations transmitted from the pump. The pressures

were measured at a point 44 in. from the pump. These runs

were made with two conditions: a clamped line, clamps on

either side of the transducers and an unclamped (free) line.

Figures 3 and 4, and Tables B-I and B-II, present the re-

sults of these runs. The maximum pressure peaks were around

150 psi. The correlation between the two transducers was

much better with a clamped line than with the unclamped

line. Figure 5 shows the correlation between the in-line

transducer in the clamped configuration and the HSFR pro-

gram curve. The correlation was very poor. The program

failed to predict the frequency and the amplitude at reso-

nant frequencies. The reason for that failure is that the

model for the hose was not accurate enough. The predicted

amplitudes were much lower than measurec' values except in

13
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two frequencies, 1800 rpm and 3600 rpm. These frequencies

might be predicted resonant frequencies.

In the next set of runs, the hose was replaced by a

tube with the same dimensions as the main line. The press-

ure was measured at two locations, 44 in. and 169 in. from

the pump, again with a clamped line and unclamped line.

Figures 6 to 8, and Tables B-III and B-IV present the re-

sults for the 44 in. location. Figures 9 to 11, and Tables

B-V and B-VI present the results for the 169 in. The maxi-

mum pressure peaks (approximately 450 psi) were much higher

than the pressure peaks with the hose configuration. At

the 44 in. location, the correlation between the two trans-

ducers was very good with a clamped line (Fig 6) , and not

as good with an unclamped line (Fig 7). Both transducers

agreed in resonant frequencies and in the amplitudes. At

the 169 in. location, the correlation between the two

transducers was good with a clamped configuration (Fig 9),

and not as good with an unclamped line (Fig 10). Figures

8 and 11 show the correlation between the in-line trans-

ducer in the clamped configuration and the HSFR program

curve at the two locations. The deviation in the resonant

frequency locations ranged from 50 to 100 rpm at 4500 rpm

or approximately 2%. Predicted amplitudes ranged from 0

to 30% lower than the actual measured amplitudes of the

pressure pulsations. Previous studies (Ref 3:64) showed

in some cases higher predicted values by HSFR than the

actual measured pressure pulsations. A 2% correlation

17
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in resonant frequencies is good considering possible errors

due to temperature shift during the run, circuit length

errors, and fluid property and instrumentation errors.

Appendix C contains the input data and the output

plots from HSFR. Details on the hose bulk modulus measure-

ments are given in Appendix A. As a result of these runs,

it was clear from the experimental results that line long-

itudinal vibrations had a definite effect on the correla-

tion between the two transducers. The diisagreement was

greater at 169 in. location because the unclamped 1,ength

was greater.

Another set of runs was made in order to find correla-

tion between the transducers as a function of the span be-

tween the clamps. Tabl~es B-VII to B-XII present the re-

sults for these runs. Table I shows the differences be-

tween the in-line and clamp-on transducers based on average

differences found in the various spans and ranges of freq-

uency.

The basic assumption is that the in-line transducer

is measuring the correct values for the oscillatory press-

ures. Fluid fluctuations are acting directly on the trans-

* ducer sensing element. On the other hand the clamp on

transducer is activa3ted by the strain that occurs in the

contact point between the transducer and the tube. This

strain is not a pure strain due to the internal pressure.

It is a combination of several strains as follows:

24



Table I

Differences (Percents) between In-Line
and Clamp-On Transducers

(Related to the In-Line Transducer)

Span 10 in. 30 in.

(RPM) 1500-3300 3300-4500 1500-3300. 00-4500
Frequency 225-500 500-6751 225-500 500-675

Pressure > 100 PSI + 10 % + 20 % + 10 % + 25 %

Pressure < 100 PSI + 10 % + 15 % + 15 % + 20 %

Span 50 in. 70 in.

(RPM) 1500-3300 3300-4500 1500-3300 3300-4500
F (Hz) 225--500 500-675 225-500 500-675

Pressure > 100 PSI + 10 ? + 25 % + 15 % + 20 %

Pressure < i00 PSI + 20 % + 25 % + 15 % + 15 %

Span 90 in. 110 in.[ (RPM) 1500-3300 3 300-450jl1500- 3300 3300-4500
Frequency (z) 225-500 500-675 1 225-500 500-675

Pressure > 100 PSI + 15 % + 25 % + 15 % * 25 5

Pressure < 100 PSI + 15 % + 20 % + 15 % + 25 %

25



1) Strain due to internal pressure.

2) Strain due to changes in temperature.

3) Strain due to the vibrations in the line.

The internal pressure and temperature changes cause

only tension stresses at the contact point. The stresses

due to vibrations may be tension or compression. Poisson's

theory states that for an axial elongation (including

bending) of a bar or tube, a lateral contraction occurs

and conversely, for any axial compression, a lateral ex-

pansion occurs. The ratio of the unit lateral contraction

to the unit axial elongation is called Poisson's ratio and

has a value of 0.305 for stainless steel tube. Furthermore,

Bold (Ref 5) conducted experiments in order to determine

the stresses developed in tubing while under pressure, or

due to bending, or both. These experiments confirmed the

theory that a tube, if bent up to the elastic limit, is

longitudinally in tension on one side while at the same lo-

cation it is circumferentially in compression, and convers-

ely, a tube if bent down to the elastic limit is longitu-

dinally in compression while at the same location it is

circumferentially in tension. As the combined longitudinal

stresses are generally higher, they are tlne controlling

stresses which should be considered in tubing flexures.

The combined stress is obtained by addinq arithmetically:

the longitudinal fluid pressure stress, the longitudinal

thermal stress and the longitudinal bending! stress. While

the fluid pressure strain and the thermal strain are always

26



tension (+), and the bending strain may be tension or com-

pression, (+) or (-), the combined strain may be greater

than or less than the strain due to the internal fluid

pressure. This would explain why the clamp-on transducer

measured lower values than the in-line transducer (the

combined strain is less than the strain due to internal

pressure alone). As far as bending was concerned, the

bending stresses or strains are affected by the transverse

displacement. Housner (Ref 8) found the equation for the

transverse displacement Z is:

? 4 z 2 ____ 2
E 4 + CV2  2 +2z V _ 2 M 0X4  5X 2  atax -at 2-0(2

Z - the vertical co-ordinate

X - the horizontal co-ordinate along the tube

- fluid density per unit length of pipe

M - total mass, pipe plus fluid pet unit length

V - velocity of fluid

E - modulus of elasticity of pipe

I - moment of inertia of pipe

This equation states that the line is acted upon by

three different inertia forces:

2 Z2z
F X __ - Inertia force associated with the change inX2

direction of V, enforced by the curvature of

the line, that is the fluid experiences an

acceleration because it travels along a

27



curved path.
-a2Z

2CV - Inertia force associated with the CoriolistaX

acceleration which arises because the fluid

is flowing with velocity V relative to the

pipe, while the pipe itself has an angular
2

velocity - at any point along its

length.
, 2 Z

M - Inertia force associated with the vertical• 2

acceleration of the pipe.

Housner's equation shows that the displacement, or the bend-

ing stresses that are associated with the displacement, is

affected by the dimensions and the properties of the line

and by the boundary conditions. Based on the strong de-

pendence on fluid and line properties, it is clear that the

results given in Table I are exactly for the line that was

used in these experiments.

The repeatability of the in-line transducer -.as much

better than that of the clamp-on transducer. This confirms

the assumption that the in-line transducer was not affected

very much by the clamping conditions or the vibrations.

Several runs were made in order to compare the meas-

urements of the two original designed clamp-on transducers.

Tables B-XIII to B-XV present the results of these runs.

The differences in readings between the two transducers

that were mounted side by side ranqed from 10 to 15%. Ad-

ditional runs were made in order to compare the measurements
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of the original clamp-on transducer with another transducer

mounted in a modified clamp. The differences in reading

were up to + 25% thus the modified clamp did not improve

the correlation between the clamp-on and the in-line

transducers.

Figure 12 shows the standing wave patterns that are

generated at the resonant frequencies. The pressures

measured at the resonant frequencies are a function of

transducer location. As shown in Fig 12, the in-line

transducer at 169 in. location was installed at the waves

peak. The clamp-on transducer was mounted side by side

with the in-line transducer, which means that the measure-

ments were not affected very much by their locations.
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4 V. Conclusions

VThe in-line pressure transducer is more accurate for

*measuring the in-line fluid pressure pulsations than the

clamp-on transducer, because the clamp-on transducer is

measuring a combination of strains and not only the strain

due to internal pressure. The clamp-on pressure transdu-

cer measurements are affected by the mechanical vibrations

in the line. The deviation between the two transducers

ranged up to + 25 % depending on the clamping conditions.

The deviation increased with higher pressure amplitude sig-

nals and the increasing of the distance between the clamps.

It is advantageous to use a clamp-on roving piezo-

electric transducer for easy mounting along the line for

mapping of .3tanding pressure waves. If high accuracy is

needed, in-line pressure transducers should be installed at

the pressure peak locations in order to measure the oscill-

atory pressure.

In many engineering situations, the resonant frequency

locations are of prime importance. In such cases, both

clamp-on and in-line transducers provide accurate results

which agiree well with predicted results by HSFR.

The hose in the system causes a significant reduction

in the oscillatory pressure amplitudes, but the hose model

results did not compare well with the test data. The com-

puter predicted results were much lower than measured values.

Not all of the resonant frequencies were predicted by HSFR

* 31



with the hose. All the resonant frequencies were predicted

well with the -t-t& installed in the system.

* 3

-1
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Appendix A

Hose Bulk Modulus Measurement

For good system simulations, the HSFR computer pro--

gram for the system requires an accurate value of the bulk

modulus for the hose. Figure A-i describes the hose bulk

modulus measurement setup. The setup was designed to meas-

* ure the change in hose volume due to pressure. This was

determined by measuring the amount of oil the hose would

hold under each pressurized and unpressurized condition.

The amount of oil in each case was determined by allowing

the oil to empty into a buret. The change in hose volume

was determined for different pressure. The results are

tabulated in Tablc A-i and shown also in Figure A-.2.

0 -5000 PSIG

HAND VALVE

HAND PUMP

Li\ TEST SPECIMEN
BURET

Figure. A-1. Hose Bulk Modulus Measurements Setup
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Table A-I

MPASURED VOLUME CHANGE (Av) FOR THE HOSE

Pressure Change In Volume Bulke

(PSI) (ml) (PSI)

3000 20 150

2500 16.5 152

2000 12 167

1000 7 143

20
Isothermal Tangent At 3000 PSI

z

10

z

1000 2000 3000

PRESSURE - PSIG

Figure. A-2. Change in Volume Vs. Pressure
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The hose volume Lnder no pressure was 350 ml. The bulk

modulus was determined from the following equation:

Bulk A P(3)e AV )V3

Where: AP = Change in pressure

AV = Change in volume due to pressure

V = Volume of hose

Bulk = Equivalent bulk modulus of the hose ande

the oil.

The effective bulk modulus is obtained from the following

equation:

1 1 + 1=+ (4)
Bulke Bulkhose Bulk o i (

Thus the bulk modulus of the hose is:

Bulk Bulk
Bulk e oil (5)hose BulkoiI - Bulk e

The value for the isothermal tangent bulk modulus of oil

(MIL-H-5606B) at temperature of 75F and pressure of 3000

PSI is 223,551 PSI (Ref 3:338).

From Equation (3)

Bulk e 3000 52,500 PSI

e 20/ 350

Substituting into Equation (5)

Bulk 52500 223551 = 68613 PSIhose 22355]. - 52500
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Experimental Data
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.........

Appendix B

Experimental Data

This appendix contains the experimental data that was

obtained during the investigation. The pressure data is

presented in tables as a function of frequency. Typical

results are presented for certain cases. In some cases

* the results presented are an average of several runs at

the same conditions.

The following remarks are given to clarify the table

headings:

1. HSFR - H-ydraulic System Frequency Response.

This is a digital computer program that

was developed by McDonnell Aircraft Com-

pany. It predicts how oscillatory flows

and pressures caused by the acoustical

energy content of a pump outlet are trans-

mitted through the lines and components

of hydraulic system.

2. Clamped Line - The line was tightened only close

to the transducers in order to eliminate

free vibrations.

3. Unclamped Line - The line was rested on the floor,

free to vibrate.

4. Hose - The runs were made when a hose was connected

between the pump outlet and the line.

5. Tube - The runs were made when a tube with the same
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dimensions as the whole line was connected

between the pump outlet and the line.

6.

P(%)- in line - Pclanp on x 100 ( 6
Pin line

7. Span - The distance between two clamps. The trans-

ducers were located in the center of the

span.

8. The frequency introduced from 4500 RPM to 1500 RPM

in the same order that it was measured due

to temperature problem.

40



Table B-I

In Line - Clamp On - HSFR Correlation
44 in. from pump

Clamped Line With Hose

Pressure (PSI) Pressure (PSI)
Pump Pump
Speed In- Clamp- HSFP Speed In- Clamp- HSFR
(RPM) Line On I(RPM) Line On

4500 27 33 8 3700 119 134 96

4450 18 37 20 3650 68 73 184

4400 25 51 56 3600 83 85 84

4350 40 60 44 3550 45 45 44

4300 121 147 36 3500 72 66 21

4250 89 99 32 3450 46 40 20

4200 126 139 32 3400 60 47 16

4150 84 85 36 3350 44 37 8

4100 101 97 36 3300 66 43 4

4050 60 50 44 3250 31 32 8

4000 65 50 60 3200 55 76 21

3950 37 27 88 3150 39 52 48

3900 39 26 24 3100 72 87 28

3850 18 25 16 3050 46 51 20

3800 46 84 28 3000 95 103 16

3750 85 113 48 2950 76 74 16
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Table B-I
(cont.)

Pump Pressure (PSI) Pump Pressure (PSI)
Speed - Speed I

(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR
Line On Line On

2900 129 120 12 2100 14 8 16

2850 76 71 12 2050 6 5 8

2800 97 83 8 2000 24 26 16

2750 32 28 8 1950 32 34 24

2700 34 25 4 1900 44 43 40

2650 14 14 16 1850 24 20 108

2600 34 38 24 1800 28 22 72

2550 34 39 16 1750 14 11 32

2500 96 105 16 1700 20 16 20

2450 60 64 16 1650 12 9 12

2400 88 91 16 1600 15 11 8

2350 37 35 16 1550 7 4 4

2300 44 37 16 1500 9 4 4

2250 22 16 20

2200 22 18 24

2150 12 8 44
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Table B-II

In Line - Clamp On - HSFR Correlation

44 in. from pump
Unclamped Line With Hose

Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

4500 25 29 8 3700 118 130 96

4450 15 17 20 3650 74 74 184

4400 25 40 56 3600 82 82 84

4350 43 59 44 3550 52 52 44

4300 126 164 36 3500 71 72 28

4250 11 147 32 3450 46 45 20

4200 134 168 32 3400 67 63 16

4150 115 141 36 3350 44 37 8

4100 102 108 36 3300 69 73 4

4050 62 64 44 3250 33 73 8

4000 61 76 60 3200 50 69 28

3950 44 51 88 3150 41 50 48

3900 41 35 24 3100 70 79 28

3850 20 18 16 3050 52 50 20

3800 53 64 28 3000 99 89 16

3750 81 94 28 2950 85 5 16

43



Table B-I-
(cont.)

Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speccd
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

2900 158 137 12 2'00 14 7 16

2850 114 86 12 2050 7 10 8

2800 106 49 8 2000 25 45 16

2750 40 27 8 1950 32 52 24

2700 29 25 4 1900 41 48 40

2650 18 27 16 1850 21 23 108

2600 35 57 24 1800 27 23 72

2550 42 67 16 1750 15 13 32

2500 90 150 16 1700 20 15 20

2450 74 91 16 1650 11 9 12

2400 87 98 16 1600 14 11 8

2350 40 43 16 1550 8 5 4

2300 44 45 16 1500 9 6 4

2250 21 23 20

2200 26 24 24

2150 13 11 44
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Table B-ITT

In Line -Clamp On - HSFR Correlation

44 in. from pump

Y Pump Pressure__(PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR
__________________________________ L i n e O n L i n e O n _____________________

4500 128 93 20 3700 104 127 80

4450 64 61 20 3650 99 111 139

4400 59 110 41 3600 198 220 278

4350 54 88 49 3550 192 205 239

4300 104 140 69 3500 427 468 119

4250 82 102 89 3450 307 318 68

4200 132 154 119 3400 175 170 91

4150 118 132 189 3350 58 57 29

4100 182 199 308 3300 38 35 11

4050 154 157 179 3250 18 29 11

4000 315 313 80 3200 44 58 29

3950 250 242 41 3150 54 67 68

3900 195 165 20 3100 137 164 149

3850 32 37 20 3050 153 183 259

3800 49 69 29 3000 366 426 139

3750 50 65 49 250 205 226 80j
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Table B-III
(cont.)

Pump Pressure (PSI) Pump Pressure (PSI)
Speed " Speed -
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

2900 184 185 59 2100 42 34 20

2850 82 74 41 2050 26 34 41

2800 75 65 29 2000 64 83 ,60

2750 33 27 20 1950 50 63 41

2700 32 25 11 1900 7/ 93 41

2650 20 24 20 1850 49 58 41

2600 59 78 60 1800 69 77 29

2550 82 105 169 1750 41 46 29

2500 198 238 109 1700 59 63 29

2450 112 129 69 1650 41 43 41

2400 127 140 60 1600 64 66 41

2350 63 69 49 1550 36 35 60

2300 71 81 41 1500 28 27 20

2250 43 45 41

2200 55 52 29

2150 33 28 29
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Table B-IV

In Line - Clamp On - HSFR Correlation
44 in. from pump

Unclamped Line With Tube

Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

4500 146 97 20 3700 95 144 80

4450 101 65 20 3650 84 114 139

4400 75 68 41 3600 177 241 278

4350 49 109 49 3550 163 174 239

4300 102 158 69 3500 304 268 119

4250 88 126 89 3450 387 321 68

4200 129 180 119 3400 238 174 41

4150 95 137' 189 3350 71 47 29

4100 173 270 308 3300 47 61 31

4050 160 278 179 3250 16 44 11

4000 283 290 80 3200 36 65 29

3950 236 131 41 3150 44 61 68

3900 231 126 20 31.00 122 140 149

3850 43 25 20 3050 138 193 259

3800 37 26 29 3000 321 525 139

3750 47 64 49 2950 182 334 80
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Table B-IV
(cont.)

*Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

2900 164 318 59 2100 42 35 20

2850 78 202 41 2050 23 24 41

2800 65 319 29 2000 60 33 60

2750 40 203 20 1950 54 13 41

2700 38 44 11 1900 79 30 41

2650 19 31 20 1850 52 11 41

2600 47 73 60 1800 71 4 29

2550 74 35 169 1750 40 16 29

2500 202 152 109 1700 64 86 29

2450 109 139 69 1650 42 26 41

2400 135 39 60 1600 65 27 41

2350 68 195 49 1550 34 36 60

2300 81 32 41 1500 39 96 20

2250 45 26 41

2200 59 31 29

2150 33 22 29

48



Table B-V

In Line -Clamp On - IISFR Correlation
169 in. from pump

Clamped Line With Tube

Pump Pressure (PSI) Pump Pressure (PSI)
Speed SpeedJ

(RPM) In- Clamp- HSFR (RPM) In- Clm-HSFR

4500 87 135 49 3700 59 53 29

4450 99 138 49 3650 29 67 29

4400 160 181 49 3600 32 187 29

4350 99 72 59 3550 25 100 41

*4300 137 171 69 3500 70 201 41

4250 81 166 80 3450 97 180 41

4200 124 193 109 3400 120 174 41

4150 93 128 179 3350 67 80 41

4100 170 221 329 3300 94 89 49

4050 144 184 219 3250 65 26 59

4000 342 393 119 3200 105 128 69

3950 344 387 80 3150 85 96 100

3900 441 500 59 3100 171 181 188

3850 146 167 49 3050 168 165 278

3800 116 81 41 3000 352 340 139

3750 58 42 41 2950 223 215 80
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Table B-V
(cont.)

Pump Pressure (PSI) Pump Pressu-e (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

2900 167 195 59 2100 127 145 100

2850 68 68 41 2050 124 136 209

2800 75 66 41 2000 208 214 139

2750 38 32 29 1950 108 103 69

2700 50 45 29 1900 116 87 41

2650 30 26 29 1850 50 76 49

2600 40 48 29 1800 66 74 49

2550 24 54 20 1750 39 28 29

2500 47 69 20 1700 25 40 29

2450 35 15 20 1650 17 20 29

2400 50 42 20 1600 26 27 29

2350 37 30 29 1550 15 15 29

2300 51 57 29 1500 5 30 11

2250 35 43 29

2200 62 67 41

2150 60 83 59
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Table B-V1

In Line - Clamp On - HSFR Correlation
169 in. from pump

Unclamped Line With Tube

Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

4500 71 125 49 3700 55 55 29

4450 91 117 49 3650 32 40 29

4400 150 198 49 3600 33 63 29

4350 93 110 59 3550 26 54 41

4300 128 152 69 3500 78 127 41

4250 87 105 80 3450 98 126 41

4200 132 146 100 3400 114 137 41

4150 97 116 179 3350 69 92 41

4100 184 249 329 3300 94 131 49

4050 181 261 219 3250 65 67 59

4000 378 361 119 3200 109 76 69

3950 341 283 80 3150 87 71 ]00

3900 352 293 59 3100 177 173 188

3850 135 ill 49 3050 171 180 278

3800 106 96 41 3000 339 348 139

3750 50 49 41 2950 195 207 80
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Table B-VI
(cont.)

Pump Pressure (PSI) Pump Pressure (PSI)
Speed Speed
(RPM) In- Clamp- HSFR (RPM) In- Clamp- HSFR

Line On Line On

2900 139 137 59 2100 130 194 i00

2850 54 41 41 2050 130 169 209

2800 61 36 41 2000 185 199 139

2750 45 93 29 1950 101 61 69

2700 59 88 29 1900 108 10 41

2650 35 33 29 1850 54 22 49

2600 46 95 29 1800 63 25 49

2550 31 104 20 1750 32 11 29

2500 52 258 20 1700 42 57 29

2450 34 159 20 1650 26 97 29

2400 50 99 20 1.600 36 44 29

2350 32 57 29 1550 17 20 29

2300 52 69 29 1500 16 58 11

2250 40 5 29

2200 68 75 41

2150 63 82 59
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Tdbl. B-VII

In Line Clarup Cr, Trar.ducet Correlation
:pdl 1-i0 in.

Pressure Pressure
Pump (PSI) LP Pump (PSI) A P
Speed Speed
(RPM) In- Clamp- ( % ) (RPM) In- Clamp- % %

Line On Line On

4500 53 78 47 2900 203 200 1

4400 152 205 35 2800 83 76 8

4300 141 160 13 2700 52 49 6

4200 129 140 9 2600 42 42 0

4100 159 165 4 2500 48 57 19

4000 295 280 5 52 52 0

3900 471 417 11 2300 52 52 0

3800 133 112 16 2200 62 66 6

3700 61 68 21 2100 116 121 4

3600 36 34 6 2000 198 207 5

3500 62 105 69 1900 116 115 1

3400 123 162 32 1800 61 59 3

3300 96 132 37 1700 38 34 10

3200 103 96 7 1600 35 30 14

3100 162 150 7 1500 19 17 11

3000 343 330 4

53



Table B-VIII

In Line -Clamp On Transducer Correlation
Span =30 in.

Pressure Pressure
Pump (PSI) ~ P Pump (PSI) A
Speed Speed
(RPM) In- Clamp- C% ) (RPM) In- Clamp-

Line On Line On

4500 52 64 23 2900 205 199 2

4400 155 137 12 2800 82 77 6

4300 142 187 32 2700 52 45 13

4200 130 136 5 2600 42 34 19

4100 159 196 23 2500 47 54 15

4000 295 340 15 2400 51 59 15

3900 468 630 35 2300 51 55 8

3800 130 140 8 2200 61 64 5

3700 62 60 3 2100 116 127 9

3600 36 31 14 2000 198 200 1

3500 60 73 22 1900 116 114 2

3400 122 163 34 1800 63 60 5

'I3300 96 100 4 17 00C. 41 34 17

3200 103 104 1 1600 34 30 12

3100 160 158 1 1500 19 18 5

3000 338 319 6
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Table B-IX

In Line - Clamp On Transc!,ic(ur Correlation
Span 50 in.

Pressure Pressure
Pump ( PSI) AP Pump (PSI) AP
Speed Speed
(RPM) In- Clamp- ( % ) (RPM) In- C amp-

Line On Line On

4500 57 80 40 2900 189 171 I0

4400 151 184 22 2800 82 73 11

4300 139 179 29 2700 51 41 19

4200 131 164 25 2600 42 32 24

4100 163 200 23 2500 50 59 18

4000 312 375 20 2400 52 57 10

3900 430 640 49 2300 53 55 4

3800 129 102 21 2200 64 63 2

3700 61 48 21 2100 123 126 1

3600 36 24 34 2000 191 203 6

3500 71 105 48 1900 11 105 5

3400 115 136 18 1800 61 58 5

3300 96 104 8 1700 40 33 18

3200 105 109 4 1600 35 27 23

3100 168 173 3 1500 17 20 18

3000 353 352 0.5
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Table B-X

In Line - Clamp On Transducer Correlation
Span 70 in.

Pressure Pressure
Pump (PSI) IP Pump (PSI) AP
Speed Speed
(RPM) In- Clamp- ( % ) (RPM) In- iClamp- ( %

Line On Line On

4500 47 109 132 2900 206 217 5

4400 14]. 182 29 1 2800 84 76 10

4300 135 153 13 2700 52 47 10

4200 128 120 6 2600 43 43 0

4100 157 167 6 2500 49 60 22

4000 290 279 4 2400 51 60 17

3900 477 543 14 2300 52 59 13

3200 ±30 142 10 2200 62 31 27

3700 64 73 14 2100 115 .39 21

3600 37 36 3 2000 194 177 9

3500 60 77 28 1900 115 108 6

3400 118 146 29 1800 62 57 8

3300 96 110 15 1700 40 33 18

3200 103 122 18 1600 35 31 14

3100 162 179 10 1500 19 17 12

3000 343 364 6
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Table B-XI

In Line - Clamp On Transducer Correlation
Span = 90 in.

Pressure Pressure
Pump (PSI) AP Pump (PSI) AP
Speed Speed
(RPM) In- Clamp- ( % ) (RPM) In- Clamp- ( %

Line On Line On

4500 75 87 16 2900 185 188 2

4400 134 168 25 2800 79 78 1

4300 136 178 31 2700 51 47 8

4200 132 179 36 2600 43 48 1.2

4100 173 202 17 2500 51 51 0

4000 339 384 13 2400 52 63 21

3900 391 504 26 2300 53 73 38

3800 124 141 15 2200 67 60 4

3700 60 83 38 2100 131 149 14

3600 36 36 0 2000 193 218 13

3500 78 101 29 1900 109 115 6

3400 112 122 9 1800 53 59 11

3300 96 114 19 1700 40 33 18

3200 108 125 16 1600 35 30 13

3100 180 19L 8 1500 18 17 6

3000 360 369 3

57



Table B-XII

In Line - Clamp On Transducer Correlation
Span = 110 in.

Pressure Pressure

Pump (PSI) P J Pump (PSI) A P
Speed Sped(RPM) In- Clamp- % ) PM) n- Clamp- %

Line On Line On

4500 81 135 67 2900 171 181 6

4400 146 188 29 2800 75 67 11

4300 134 171 28 2700 51 45 12

4200 134 157 17 2600 43 66 55

4100 179 193 8 2500 53 52 2

4000 362 424 17 2400 52 56 8

3900 366 327 11 2300 54 58 8

3800 i1l 160 44 2200 67 78 16

3700 59 69 17 2100 134 159 19

3600 37 73 97 2000 130 207 9

3500 84 127 51 1900 107 109 2

3400 110 141 28 1800 59 56 5

3300 97 119 23 1700 39 34 13

3200 ill 131 19 1600 35 37 6

3100 189 211 12 1500 16 18 13

3000 372 407 9



Table B-XIII

*i. Two Clamp On Transducers Correlation

Span = l0in.

Pressure (PSI) Pressure (PSI)
Pump Pump
Speed In- Clamp- Clamp-i Speed In- Clamp- Clamp-
(RPM) Line On On (RPM) Line On On

_ _A B A B

4500 86 134 148 2900 161 178 159

4400 147 196 200 2800 76 78 67

4300 134 160 159 2700 51 51 41

4200 135 149 145 2600 44 40 31

4100 184 197 188 2500 53 56 71

4000 376 385 359 2400 53 63 64

3900 313 279 265 2300 55 62 60

3800 107 68 69 2200 66 75 72

3700 54 29 27 2100 133 146 139

3600 34 45 43 2000 192 208 196

3500 95 213 198 1900 107 110 104

3400 117 179 166 1800 61 61 54

3300 97 165 137 1700 40 35 32

3200 113 1.52 132 1600 35 31 27

3100 192 218 205 1500 17 13 12

3000 375 418 383

L _ 1 , L . , ,
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Table B-XIV

Two Clamp On Transducers correlation
Span =30 in.

Pressure (PSI) Pressure (PSI)

Pump Pump
Speed In- Clamp- Clamp- iSpeed in- Clamp- 'Clamp-
(RPM) Line On. On (RPM) Li ne On On

__ _ A - B f__ A B

4500 98 173 173 2900 143 145 136

4400 146 216 207 2800 73 72 65

4300 134 177 165 2700 50 47 40

4200 139 163 155 2600 44 40 34

4100 197 251 229 2500 56 67 75

4000 413 489 444 2400 53 58 60

3900 267 329 281 2300 56 60 60

3800 98 114 95 2200 73 78 78

3700 52 58 42 2100 144 156 153

3600 35 35 34 2000 188 198 194

3500 110 128 155 1900 98 100 95

3400 114 127 132 1800 59 58 53

3300 97 101 104 1700 40 35 31

3200 116 124 123 1GO0 35 30 2

3100 208 220 219 1500 16 14 13

3000 378 393 380
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Table B-XV

Two Clamp On Transducers Correlation
Span =50 in.

Pressure (PSI) Pressure (PSI)
Pump - Pump-
Speed In- Clamp- Clamp-, Speed In- Clamp- Clamp-

(RPM) Line On On (RPM) Lie On On
A B _______ A B

4500 92 175 178 2900 153 143 132

4400 148 243 231 2800 74 64 56

4300 134 196 176 2700 50 38 30

4200 132 181 160 2600 43 32 31

4100 184 250 211 2500 52 99 118

4000 302 531 417 2400 52 87 97

3900 307 477 329 2300 54 93 101

3800 107 64 54 2200 65 61 59

3700 54 36 21 2100 !129 134 132

3600 34 30 38 2000 192 197, 192

3500 91 131 163 1900 106 107 100

3400 116 133 150 1800 58 54 51

3300 95 105 106 1700 40 33 31

3200 111 117 118 1600 35 26 25

3100 194 19,/ 196 1500 16 22 16

3000 379 375 360
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Figure. c-i. Input Data for the Sy+tem wit-b 1-ose1
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Figure. C--2. Input Data for the System with Tube
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APPENDIX D

Clamp-on Transducer Clamps
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affected by tl.:, Iine vibrat ions and should be used in a hydraulic
system with some limitations.

The vxpo r; :&ra (:easurements were compared with the theo-
retical results frcm,; a frequency response computer program. The
measured oscilla-tory pressures were up to 30% greater than those
predicted by the computer program.
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